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I nter facial Reactions Between Sn—58 mass% Bi Eutectic Solder
and (Cu, Electroless Ni—-P/Cu) Substrate
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The growth kinetics of intermetallic compound layers formed between eutectic Sn—58Bi solder and (Cu, electroless Ni—P/Cu) substrate
were investigated at temperature between 70 and@26r 1 to 60 days. The layer growth of intermetallic compound in the couple of the
Sn-58Bi/Cu and Sn—-58Bi/electroless Ni—P system satisfied the parabolic law at given temperature range. As a whole, because the values of
time exponent (n) have approximately 0.5, the layer growth of the intermetallic compound was mainly controlled by diffusion mechanism over
the temperature range studied. The apparent activation energieg1fis@und NgSry intermetallic compound in the couple of the Sn—58Bi/Cu
and Sn-58Bi/electroless Ni—P were 127.9 and 81.6 kJ/mol, respectively.
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1. Introduction terfacial reaction between Sn—58Bi solder and electroless Ni—
P/Cu substrate.

Among many solder alloys, Sn—Pb solders are most widely This study focuses on the growth kinetics of¢Sns and
used for the electronic packaging. However, because Pb wili;Sry, intermetallic compounds for Sn—-58Bi solder/(Cu,
induce environment pollution, Pb free solders such as Sn—Rilectroless Ni—P/Cu) system during solid-state aging. The
Sn-Ag, Sn—Zn alloys, have been considered to replace Sgrowth rate constants of @8n; and NgSn, intermetallics
Pb solders® Sn-Bi, Sn—-Ag and Sn-Zn eutectic and neawere measured as a function of time and temperature, and the
eutectic alloys are already used in some applications for tlaetivation energies for intermetallic growth were calculated
specific advantages, and they offer over eutectic Sn—Pb, sumhthe Arrhenius equatiot?)
as lower process temperatures, compatibility with particular
substrates, or superior reliability under certain conditidns.2. Experimental Procedures
Especially, the Sn—58Bi eutectic solder is a low melting point
lead free solder developed for step soldering processes. Thel'he Sn—58Bi solder used in this study was prepared from
low melting point of this solder makes it suitable for solderinchigh purity materials (Sn, Bi: 99.99 mass%). This was melted
temperature-sensitive components and substrates. Also, whiera carbon crucible using an electrical resistance furnace
compared to the Sn—Pb eutectic solder, the Sn—-58Bi eutecéit 300C for 1 h under argon atmosphere. Then the melts
solder offers a higher strength and superior creep resistangere cast into a steel mold of rod shape and the cast rods
but a lower ductility>™ were machined to disk-type samples (thickness 1 mm, diam-

During soldering, the solder alloy melts and then reactster 6 mm). The Sn-58Bi/Cu and Sn-58Bi/electroless Ni—
with the substrate to form intermetallic compounds at the joir®®/Cu couples were prepared by spreading meth@dio dif-
interface. The growth of interfacial reaction products througferent kinds of substrates used; bare Cu and electroless Ni—
solid-state aging in solder joints is of particular interest to th®/Cu substrate with the Ni—P layer of 5gin thickness. The
electronics industry. Excessively thick reaction layers whicNi—P layer was electroless plated on the Cu substrate. Sol-
grow between solder and substrate can significantly degrader joints were cross-sectioned for examination both imme-
the physical and mechanical properties of the solder jointdjately after being reflowed and after being aged in a furnace
particularly in high impact load environmeri®.Therefore, at 70, 90, 100, and 12C for times ranging from 1 to 60
it is necessary to understand and control the factors that gadays respectively. The isothermal aging of diffusion couples
ern the kinetics of interfacial reaction. were performed in air furnaces with a temperature stability of

Some studies have been performed on the interfacial re-1°C. The interface was examined by the scanning electron
actions between Sn-58Bi eutectic solder and (Cu, Ni) sulmicroscopy(SEM) and the composition of intermetallic com-
strates. Viancat al.'?) studied the kinetics of intermetallic pound was measured by the energy-dispersive X-ray(EDX)
compound layer growth by solid state reactions between Smalysis. The phases at the interface were identified using the
58Bi solder and Cu substrate. They found the growth proceXsray diffraction(XRD) analysis. The specimens for XRD
of intermetallic layers to follow diffusion mechanism. Also,were prepared by mechanically removing the solder and etch-
Chenet al.'? studied the reactions between Sn—58Bi solddng away the remaining solder part. In all the cases, the quan-
and pure Ni substrate, and found that only3, formed. titative measurements of the intermetallic compound layer
Nevertheless, no other information is yet available on the irthickness were done using micrographs taken on the cross-
sections of the intermetallic layer. The layer thickness in
the scanned micrographs were measured using image anal-
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Fig. 1 SEM micrographs of the interface between Sn-58Bi solder and Cu substrate (a)-(c), Sn—58Bi solder and electroless Ni—P/Cu
substrate (d)-(f): as-soldered (a), (d) and after aging at@@0r 30days (b), (e) and 60days (c), (f).

ysis software. with aging time, reaching only 1.3#n for 60 days of aging
at 100C.
3. Resultsand Discussion Figure 2 shows the SEM micrographs of the interface be-

tween Sn-58Bi solder and (Cu, electroless Ni—P/Cu) sub-

Figure 1 shows the SEM micrographs of intermetallic comstrate aged at 12C for 50 days. The aged Sn-58Bi/Cu joint
pound layers for the interface between Sn—-58Bi solder ambnsists of the Cu substrate, thesSus; intermetallic com-
(Cu, electroless Ni—P/Cu) substrate aged at@C0fr differ-  pound layer, the Bi-rich phase and the Sn-rich phase. On the
ent aging times. In the as-soldered joints, the layer thicknessher hand, the aged Sn-58Bi/electroless Ni—P joint consists
of the CySns and NgSny intermetallic compound were ap- of the Cu substrate, the Ni—P deposits, theSti, intermetal-
proximately 0.45 and 0.12m, respectively. EDX analysis of lic compound layer, the Bi-rich phase and the Sn-rich phase.
the intermetallic compounds indicated that their compositioriBhe Bi-rich and Sn-rich phases exhibited extensive coarsen-
were close to those of the €8s and NgSry phases. The in- ing due to isothermal aging. Especially, the growth of the
terface between the @8n; and solder displays a scallopedintermetallic compound layers depleted the Sn-rich phase ad-
morphology as shown in Figs. 1(a)—(c). As evident from th@cent to the CgSn; intermetallic and led to the formation of
Figs. 1(d)—(f), N4Srny intermetallic compound exhibited the a layer of Bi-rich phase across the S layer/solder inter-
layered structure, and its thickness increased rather slowfces, as shown in Fig. 2(a). In addition, the solder joints ex-
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rate was slower, Bi-containing layer was not observed.

Figures 3(a) and (c) represent the top view o8y and
NizSn, intermetallic after the sample was aged for 70 days
at 100C, followed by solder etched away. The §&Sm; and
NizSny, intermetallic surface shown in Figs. 3(a) and (c) were
then used to obtain the X-ray diffraction pattern ofsSts
and NgSn, intermetallic as shown in Figs. 3(b) and (d), re-
spectively. On the Cu substrate, the hexagonal-shape inter-
metallic can be seen in Fig. 3(a). In contrast, the polygonal-
shape intermetallics are formed on the electroless Ni—P/Cu
o il T Al s B substrate as shown in Fig. 3(c).

The thickness of the reaction layer in the diffusion couples

can generally be expressed by the simple parabolic equation

W = kt" 1)

whereW is the thickness of the intermetallic layek; the
growth rate constanty, the time exponent; artg the reaction
time.

Figure 4 shows the thickness of the intermetallic compound
layer as a function of the square root of time for various ag-
ing temperatures. These intermetallic thicknesses were mea-
sured at every interval of time. The intermetallic compound

Ni-P deposit layer thickness increased linearly with the square root of ag-
: ing time and the growth was faster for higher aging temper-
Acc¥ SpotMagn  Det WD 1 10um .. . . 6-18)
150KV 40 3000 BSE 99 Sn5e Cu pad atures. This is in agreement with previous wotks®18)f

the growth process were controlled by diffusion mechanism,
Fig. 2 SEM micrographs of the interface between (a) Sn—-58Bi solder artthe increase of the intermetallic compound layer after aging
Cu substrate, (b) Sn—-58Bi solder and electroless Ni—P/Cu substrate agggoyld follow the square root time lalWwy = kt%S. It is em-
at120C for 50 days. pirically found thatn takes the value of 0.5 when the reaction
is mainly controlled by diffusion mechanist.Vianco'? and
Chert? studied the growth kinetics of the €8s and NSy
hibited cracking within the intermetallic compound layer. Théntermetallic compound in Sn-58Bi solder and reported that
cracking occurred at the boundary between the region of thige growth of these intermetallic compounds followed diffu-
intermetallic compound with the Bi containing §3ns layer  sjon controlled kinetics. As shown in Fig. 4, the results are in
(Cus(Sn, Bi)) and CwSrs layer. According to the Sn—Bi bi- good agreement with the diffusion controlled growth kinetics
nary phase diagraff) the solubility of Bi in the Sn-phase reported by previous worke&:16-8The layer growth of the
increase rapidly from negligible at room temperature to aboi;Sry, intermetallic is much slower than that of the ¢S
9 at%Bi at 120C. The Cu(Sn, Bi); intermetallic compound intermetallic. The growth of NSn, intermetallic was very
layer in this work contained a Bi content of 1-6 at% by EDXslow, with the layer thickness reaching only 188 after 60
analysis. The source of the Bi containing layers is Bi rejecteglays of aging at 12@. This implies Ni—P deposits will be a
from the Sn-rich solder phase as it participated in the formaery good diffusion barrier for the Sn—58Bi solder.
tion of the intermetallic layer. Therefore, in addition of the The growth rate constant was calculated from a linear re-
Bi atoms to the Cu-Sn intermetallic, the interface betweegression analysis ofV versust®®, where the slope= k.
CusSns and the Bi containing GgBns phase may be disrupt Table 1 lists the growth rate constants calculated for the
the local atomic arrangement, weaken the interfacial bondingusSrs and NiSn, intermetallic at different aging temper-
and then cause interfacial embrittlement. This trend woulgtures, respectively. Most of the linear correlation coefficient
suggest that Bi-containing layer (6(&n, Bi) decreased the values R?) for these plots were greater than 0.96 except the
ductility of the intermetallic compound. Similar result was|gw temperature (7). This good linear correlation suggests
also reported by Liu and Shang). that the growth of the intermetallic compound layers is similar
The solid-state reaction between Cu and Sn—58Bi soldgffusion mechanism over the temperature range studied.
had been studied by Vian@al.? from 55-120C for up to The time exponent was evaluated using the equation repre-
400 days. They reported that the ¢Sm and Cu-Sn-Bi in- senting the growth kinetics at each aging temperature as,
termetallic compound formed as a result of the reactions, and n
found that the formation of the double-layers ¢Sus/Cu— Y=AU+B (2)
Sn-Bi) was due to the faster growth rate of¢Sts inter-  whereY is the layer thickness;, reaction time;n, the time
metallic. This is due to the fact that the Bi atoms rejected froraxponentB, the layer thickness at= 0; andA, the constant.
Sn-rich phase have no time to diffuse away from the interfacphis equation was converted into a logarithmic expression
so that a Cu—Sn-Bi compound formed. Also, this result was
consistent with the result of Viana al.1Y) However, in Sn— In(Y —B) =nint +In A @)
58Bi/electroless Ni—-P/Cu system, since thg3\iy growth  The time exponeni) was obtained from the slope of Ii (-
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Fig. 3 Top views and X-ray diffraction patterns of the intermetallic compound: (a), (§$&wnd (c), (d) NsSr.

Table 1 Calculated the square of growth rate constaf)sad linear cor- Table 2 Time exponent (n) as a function of aging temperature.
relation coefficient R?).
Solder/Substrate Temp. ¢C) n
Solder/Substrate Temp. (C) R2 k2 (Intermetallic) '
(Intermetallic) (109 m?s) 70 0.68
70 0.85 1.16 Sn-58Bi/Cu 90 0.47
Sn-58Bi/Cu 90 0.97 4.50 (CusSrB) 100 0.49
(CusSre) 100 0.98 13.37 120 0.66
120 0.96 374.75 70 0.48
Sn_58Bi/ 70 0.85 0.14 Sn-58Bi/electroless Ni—P/Cu 90 0.44
X 90 0.97 0.75 (NizSny) 100 0.54
Electroless Ni-P/Cu
. 100 0.99 1.91 120 0.33
(NisSny) 120 0.96 4.99

calculated from the slope of the Arrhenius plot.
B) versus Irt. Table 2 lists the time exponents determined Figure 5 shows the Arrhenius plots for the layer growth of
by the linear regression analysis of each aging temperatufg& CySn; and NgSry intermetallic compound. The appar-
using eq. (3). The diffusion processes appeared to be largeiit activation energies for the layer growth ofsSus and
responsible for growth of the intermetallic compound layemli;Sn, intermetallic compound are 127.9 and 81.6 kJ/mol,
although the time exponents were not exactly 0.5. respectively. The activation energies for the layer growth
The following simple Arrhenius relationship was usetf CusSns and NgSny intermetallic compound reported by
to determine the activation energy for the layer growth ofianco and Chen (which the author evaluated from Fig. 17 in
CusSns and NgSny intermetallic compound respectively;  Ref. 11) and Fig. 8 in Ref. 12), respectively) are also shown
2 _ 12 _ in Fig. 5. Table 3 lists the values of the activation energy
k* = ko exp—Q/RT) @ (Q) obtained from the temperature dependendée ofvith the
wherek? is the square of growth rate constakg, the fre- data from previous works. Th@-values for the growth of the
quency factor,Q, the activation energyR, the gas constant; CusSns and NgSn, intermetallic found by Viancet al.'¥) and
andT, the aging temperature. The activation energies we@henet al.'? were 55+ 7 and 90 kJ/mol, respectively. The
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Table 3 Activation energy for the growth of €8ns and NgSny intermetallic compound (IMC) together with values reported in previous

works.
Solder/Substrate Diffusion couple Temp. (C)/Time (da IMC Layer Activation energy Ref
Prep. method p-(C) (day) y @, kd/mol) ’
Spreadin 70-12C/up to 60 days 127.9 This work
Sn-58Bi/Cu P g P y Rt
Dipping 55-120C/up to 400 days GiBr 55+7 11)
Spreadin 70-12@/up to 60 days i 81.6 This work
Sn-58BiNi preading P Y NS
Dipping 85-120C/up to 150 days NSy 90 12)
Sn-3.5Ag/Cu Practical solder joint 70—-2Mup to 100 days Total (G$rs + CuzSn) 64.8 20)
Sn-3.5Ag-0.75Cu/Cu Practical solder joint 70-1CMQp to 100 days Total (GSns + CuzSn) 64.4 20)
Sn—-37Pb/Cu Practical solder joint 70-2Q0up to 25 days Total (GBrs + CugSn) 105.1 21)
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Fig. 4 Thickness of intermetallic compound layers with aging time'Fig. 5 Arrhenius plot of the intermetallic compound layer growth:
(a) CwsSrs and (b) NgShy.

(a) CusSrs and (b) NgSmy.
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diffusion couple of Viancet al.1?) and Cheret al.}? was pre- ing time. The good linear correlation of the results indicates
pared using hot dipping. Also, the diffusion couple of Cherihat the formation of intermetallic compound layer is mainly
et al.1? was assembled from Snh—-58Bi solder and pure Ngontrolled by diffusion mechanism. The growth rate of the
Thus, the discrepancy among the activation energies is dbésSn: intermetallic is much slower than that of the ¢S

to the differences in the diffusion couples, aging condition#itermetallic. This implies Ni—P deposits will be a good dif-
and analytical method used. In general the solder alloys wifHsion barrier for the Sn—58Bi solder.

a high activation energy would be expected to grow slower at (3) The apparent activation energies calculated for the
low temperatures and faster at high temperatures compared@@wth of the CySns and NgSry intermetallic are 127.9 and
those with a low activation energy. In this work, the activa81.6 kd/mol, respectively. The activation energy ofsEi

tion energy of CySns intermetallic due to the faster growth atintermetallic due to the faster growth at high temperature ex-
high temperature exhibited higher than that o§$ti, inter-  hibited higher than that of N8, intermetallic.

metallcs. As shown in Fig. 5(a), the lower temperature data

(70, 90 and 10TC) exhibited an apparent activation energy ofAcknowledgements
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